We discuss anomalous decoherence effects at zero and finite temperatures in driven coupled quantum spin systems. By numerical simulations of the quantum master equation, it is found that the entanglement of two coupled spin qubits exhibits a non-monotonic behaviour as a function of the noise strength. The effects of noise strength, the detuning and finite temperature of independent environments on the steady state entanglement are addressed in detail. Pumped by an external field drive, non-trivial steady states can be found, the steady state entanglement increases monotonically up to a maximum at certain optimal noise strength and decreases steadily for higher values. Furthermore, increasing the detuning can not only induce but also suppress steady state entanglement, which depends on the value of noise strength. At last, we delimit the border between presence or absence of steady state entanglement and discuss the related experimental temperatures where typical biomolecular systems exhibit long-lived coherences and quantum entanglement in photosynthetic light-harvesting complexes.
I. INTRODUCTION.
Decoherence, induced by the coupling between a quantum qubit and its surrounding environment, is a main obstacle to the practical realization of quantum information processing [1] . The controlled generation and detection of entanglement of quantum states remains one of the fundamental challenges of quantum physics. It is of great importance to analyze the entanglement decay induced by the unavoidable interaction with the environment. In recent years, there have been many investigations of decoherence [2] [3] [4] [5] [6] [7] [8] [9] [10] , careful investigation of well-understood model systems continue to produce surprises that add to fundamental understanding. For example, Entanglement sudden death (ESD) [2] have been addressed in different quantum systems. Moreover, it has also been experimentally observed [3] . Entanglement sudden birth (ESB) [4, 5] is the creation of entanglement where the initially unentangled qubits can be entangled after a finite evolution time. Traditionally, it has been assumed that noise can only have detrimental effects in quantum information processing. Recently, however, it has been suggested, and realized experimentally, that the environment can be used as a resource [11] [12] [13] [14] [15] [16] [17] . In particular, it is generally believed that stronger noise causes severer decoherence. Strikingly, recent theoretical results [18, 19] suggest that under certain conditions, the opposite (an anomalous decoherence effect) is true for spins in quantum baths. Furthermore, an experimental observation of an anomalous decoherence effect for the electron spin-1 of a nitrogen-vacancy centre in high-purity diamond at room temperature has been reported [20] . This discovery establishes the controllability of quantum baths and paves the way for exploiting spin ensembles in quantum information processing. As a result, there has been an increasing interest in better understanding the interplay between coherent and incoherent quantum dynamics arising from environmental interaction.
The entanglement dynamics of open quantum systems may be rather complex, mostly due to the structure of the environment interacting with the quantum system. In the particular case of the dissipation and decoherence phenomena, the Lindblad or Bloch-Redfield master equations [21] have been used as the common approaches to study the effects of the environment on the entanglement dynamics. Generally, the nonunitary evolution of the reduced-density matrix of the system can be obtained after tracing out the environmental degrees of freedom. In this process, some approximations (the weak coupling and Born-Markov approximations) are often made in the derivation of a master equation. Recent reservoir engineering techniques aim to alter the dynamics of dissipation and decoherence in an open quantum system [22] [23] [24] [25] [26] . The coupling of the quantum system with its surrounding environment and the induced entanglement decay motivate some important questions, such as how to understand its sources and possibly how to find ways to circumvent it. Therefore, it is of fundamental and practical importance to study the decoherence dynamics of a system in structured reservoirs.
In recent years, quantum theories have been developed to treat the decoherence problem in a mesoscopic quantum bath. These quantum theories have been successful in studying decoherence in various systems and predicted some surprising quantum effects [27] [28] [29] . A number of researches have indicated the quantum nature of nuclear spin baths in the presence of a classical driving field. Some important theoretical and experimental works dealing with the effects of the driving on the coherent dynamics have recently appeared [30] [31] [32] [33] . In this paper, we discuss the entanglement dynamical behavior of two driven coupled qubits via a Heisenberg Ising interaction, which are connected with two independent finite temperature heat baths. The main purpose and motivation of the present letter is try to answer the following question: how entangled steady states of dissipative qubits can be generated by adding a classical driving field to the system. In a driven dissipative system, i.e. pumped by an external coherent drive, non-trivial steady states can be found. By numerically solving the master equation, we show here that two critical noise strength Γ c and Γ m exist and noise dissipation can also have exactly the opposite effect: it can be used to engineer a large variety of strongly correlated states in the steady state, which suggests that it is advantageous to maintain a finite, not neces-sarily minimal, noise strength to observe stationary entanglement experimentally. The coherent drive affords great flexibility in generating entangled states since it provides freedom in choosing the detuning and strength of the field. Without the laser field, entanglement of dissipative qubits will be destroyed but with the addition of the laser field, certain optimal noise strength and the detuning lead to the high stationary entanglement. These results enlarge the domain where stationary entanglement can exist and should be observable at reasonable experimental temperatures. The aim is to engineer those noise strengths and finite temperature, so that the environments drive the system to a desired final state after some time without having to actively control the system. Ultimately, this understanding may facilitate the development of finite temperature noise-assisted devices and, potentially, quantum coherence and entanglement in light-harvesting systems.
II. HAMILTONIAN OF THE MODEL AND ENTANGLEMENT NEGATIVITY.
We consider this model consists of an array of N driven, coupled spin-1/2 qubits. The system is subject to a noisy environment modeled by an infinite collection of harmonic oscillators described by creation and annihilation operators (a 
where J is the coupling constant in z component of the nearest neighbor qubits, σ 
The real coefficients of the direct coupling between the two qubits are tunable parameters and can be implemented with trapped ions chains or cold atoms in an optical lattice [34] .
denotes the bath's force operator. The external driving is parameterized by its intensity, as given by the Rabi frequency Ω i , and the detuning from the qubit frequency
We will consider situations where the driving is weak and the external Rabi frequency is smaller than the interqubit coupling, Ω < J. Within the rotating wave approximation, weak system reservoir coupling and Born-Markov approximation, we obtain an effective Hamiltonian for the N -qubit array in the interaction picture,
the quantum master equation of time evolution reads:
The noise strength on qubit i at a temperature T is given by the product Γ in , where the explicit functional form of the decay rate Γ i depends on the spectral properties of the bath andn denotes an effective boson number that depends on the bath's temperature T ; both parameters are, in principle, controllable. This master equation treatment is valid in the parameter regime
where ω = min{ω i 0 , ω c } for a suitable frequency cut off ω c of the bath, and all expression in this paper will then be correct to lowest non-trivial order in Ω i , Γ i , δ i and J [35] .
Since decoherence process leads the pure quantum system state to mixed states, in order to discuss the entanglement dynamics and steady-state entanglement in the above system, we use the negativity as a popular measure of bipartite entanglement. The negativity under partial transposition of a two-qubit state ρ is defined as [36] 
This measure is based on the trace norm of the partial transposition ||ρ TA || of the state ρ(t). From the Peres-Horodecki criterion of separability [37, 38] , it notes that if ρ TA is not positive, then the state ρ(t) is entangled. The negativity is an entanglement monotone and equivalent to the absolute value of the sum of the negative eigenvalues, i.e. E(ρ) = −2 λ i , where λ i are the negative eigenvalues of ρ TA .
III. RESULTS AND DISCUSSIONS
For this case, it is difficult to give the analytical solutions about the master equation. So, here we solve numerically the master equation with different parameters and give out the entanglement properties. Let us consider the first case where N = 2, δ i = 0 andn = 0 (T = 0). The negativity E AB of two qubits as a function of time is plotted in Fig.1 for fixed values of the coupling J and the driving Ω = Ω 1 = Ω 2 , from which we can see the following interesting results. Firstly, it is found that the system of weakly driven qubits, initially prepared in their ground state, develops quantum entanglement in time. In Fig.1(a) , we can see that the two-qubit state can evolve into a stationary entangled state under the noise strength from initial unentangled state. In other words, decoherence drives the qubits into a stationary entangled state instead of completely destroying the entanglement. Moreover, we observe that the system will be entangled in the steady state only for certain finite values of Γ. Perhaps surprisingly, it is the larger value of the noise strength that yields steady-state entanglement. With the increasing of the coupling constant, the decay is suppressed, which is dramatically different from one's expectation that a stronger coupling always induces a severer decoherence. The system is entangled, and have a negative partial transpose, only if Γ > Γ c , where Γ c is the noise threshold. If Γ < Γ c , the state is separable. This behaviour is also illustrated in Fig.1(d) where the black solid line corresponds to the bipartite entanglement in the steady state as quantified by the E AB as a function of the noise strength Γ. As a result of the constraint, any entanglement measure exhibits an initial domain of vanishing entanglement for weak noise where the state is separable. When Γ rises above threshold, the steady state entanglement increases monotonically up to a maximum at certain optimal noise strength Γ m and decreases steadily for higher values of Γ. Therefore, this can provide us a feasible way to manipulate and control the entanglement by changing the external noise strength. we present a microscopic explanation for as a physical insight of the counterintuitive phenomenon. The origin of the stationary entanglement can be traced back to the structure of the eigenstates of the effective Hamiltonian. When the values of both reservoir noise strength Γ are low, because of the external driving, the final state is the equally weighted superposition states, which loses coherence, so the entanglement decreases to zero. Secondly, for various values of the parameter θ, corresponding to the two qubits are initially in different entangled states, we find that under some initial conditions, the entanglement of two qubits can fall abruptly to zero, and will recover after a period of time. Therefore, the ESD appears and is related to the initial state. Even though the initial system has the same entanglement, the evolution is also different. When the two qubits are initially prepared in their excited state, i.e. θ = π 2 , the result is quite different. The entanglement versus parameter t is plotted in Fig.1(b) , indicating a threshold value of parameter t, only above which entanglement negativity begins to be nonzero, i.e. the quantum correlation starts to appear. This is the example of phenomenon of delayed sudden birth of entanglement. Lastly, despite the presence of decoherence, the results in Fig. 1(b) show that the entanglement reaches the same steady value, after some oscillatory behavior, for a given set of system parameters regardless of the initial state of the system.
As the reservoir is assumed to be finite-temperature, in Fig.1(c) , we can observe the entanglement changes of a slightly different character. The phenomena of ESD and ESB are more evident as the value ofn is increased. In the disentanglement dynamics of the finite-temperature dissipation environment, the lifetime, corresponding to nonzero value of entanglement, becomes less, and the exponential disentanglement disappears and ESD or ESB appears. Furthermore, we find the death time and birth time are prolonged and the maximal value that the entanglement can reach decreases with increasing temperature. We also observe steady-state entanglement even for infinite temperature of the bath. The nonmonotonicity of quantum entanglement is also apparent, plotted in Fig.1(d) for increasing values of the mean thermal boson numbern. At the given Ω and J, the value of Γ that maximizes the steady state entanglement is now a function ofn and a numerical analysis shows that the critical noise strength Γ c of generating entanglement needs higher values as n increases. That is to say, strong noise strengths induced the finite-temperature quantum entanglement. However, the peak value of the entanglement tends to decrease faster and the Γ m , where quantum entanglement approaches a maximum, shifts to right very rapidly. That is to say, a larger steady-state entanglement can be created for a smallern. Such control effect on the entanglement dynamics by varying the bath temperature becomes more significant. At a finite temperature, the steady state entanglement is decreased but remains finite. For an average photon number ofn = 0.05, we find that the steady state entanglement reaches the maximal value of 0.1. For GHz frequencies as they are typical for quantum optical implementations this corresponds to around 120 mK. For typical biological systems, however, the bath spectral density peaks around 200 cm −1 (corresponding to ω = 4 × 10 13 HZ), so that (n = 0.3)(n = 0.05), corresponds to a temperature T ≈ 77K (T ≈ 30 K). At these temperatures, typical biomolecular systems such as the Fenna-Matthew-Olson complex exhibits long-lived coherences in the dynamics as demonstrated in recent experiments [39] and quantum entanglement survives in photosynthetic light-harvesting complexes despite the decohering effects of their environments [40, 41] . This system could opens up new channels in bath assisted entanglement in a very natural way and even could give more control parameters.
We have considered the the detuning from the qubit and driving frequency is zero, all the phenomena described so far are robust in the presence of a finiten. Fig.2 shows that the time evolution of the entanglement for different values of the detuning and Γ. On exact resonance, If Γ < Γ c , the steady state entanglement value E AB for the driven qubits coupled to a bosonic environment at zero and finite temperatures is strictly zero. For a finite detuning, the steady state turns out to be entangled even when the noise strengths below the critical value. The presence of steady state entanglement can be linked unambiguously to an increasing degree of the detuning, the weak noise channel with sufficiently large detuning is an important condition for steady-state entanglement. Quantum correlations increase monotonically up to a maximum corresponding to a certain optimal detuning above which E AB decreases. The reason is that the additional detuning between the qubit and driving frequency produces some new coherences terms. On the contrary, due to the competition of noise strengths and the detuning, if Γ = 0.8, we can easily see that the value of steady state entanglement becomes smaller with the increase of the detuning and is a monotonically decreasing function of the detuning. This implies that increasing the detuning can not only induce but also suppress steady state entanglement, which depends on the value of noise strength. When the two qubits are subject to system-environment interactions of the same noise strength, the detuning character can be the crucial property that leads to steady state entanglement where purely low noise would result in the complete destruction of entanglement. The above interesting character is well described in Fig.2(c) . Anomalous decoherence effects phenomena, as quantified by dynamical quantum entanglement measures, should also be observable in chains of coupled weakly driven spin systems.
From the above analysis, it is clear that the noise strength, the detuning from the qubit frequency and the finite temperature of independent environments have a notable influence on the steady state entanglement. The entanglement characteristics shown in Fig.3 suggest that the steady state will fall into either the entangled part or the separable part, i.e. from separable to entangled subsystems, depending on the coupling strength J, the noise strength, the detuning and the bath's temperature. The smaller the value for the zero temperature noise, the larger the qubit interaction strength J required for the driven qubits to be entangled. Moreover, we see the points which delimit the border between presence or absence of entanglement, which is different when varying temperature and the detuning. Alternatively, anomalous decoherence effects can be characterized using a steady entanglement measure of the system's response to the external driving. The steady state of the system can be computed analytically forn = 0, δ = 0, The system is entangled, and have a negative partial transpose, only if Γ > Γ c , where Γ c = Ω 2 /2J is the noise threshold, which is consistent with the numerical results. For the other case, we only give the numerical results. An interesting question is that for the given Ω and J, what is the relations between the maximal steady state entanglement and the value of Γ m . From Fig.4 , we can find that if the bath's temperature is low enough (n ≤ 0.05), the maximal steady state entanglement is a linearly decreasing function of the critical value of Γ m . Of course, this relation is not established for the high temperature, and this needs further study.
IV. CONCLUSIONS
In conclusion, protecting the dynamics of coupled quantum systems from decoherence by the environment is a key challenge for solid-state quantum information processing. We have studied quantum entanglement dynamics in driven coupled quantum spin systems at zero and finite temperature. When the rotating wave and Born-Markov approximation are used, we reveal numerically that the external driving and noise strength cause the anomalous decoherence phenomenon, i.e., the steady state response of the system, will be optimized at intermediate noise levels and therefore, trying to reduce the environmental noise to as small as possible values, does not necessarily provide an optimal universal strategy to maximize coherent effects. One actively exploits the noise decay to drive the system to a entangled stationary state which does not depend on the initial states. Classical driving field can be used to stabilize entanglement in this systems. Our results also suggest a control way to beat the effect of decoherence by engineering the noise strength of the reservoirs to approach the steady state entanglement. This demonstrates the possibility of stable steady state entanglement in natural systems consisting of many qubits. We expect these studies to contribute towards the identification of the physical mechanisms that could induce stationary quantum correlations in very noisy environments occurring in experimental conditions.
Appendix: The solution of quantum master equation
In the presence of a classical driving field, the entanglement evolution no longer belongs to the so-called X-class state, the density matrix in driven coupled quantum spin systems is of the following form Obviously, the solution of (A2) depends on the initial state of the qubits, so we can solve analytically and numerically for some typical initial states. By solving the equations of dρ dt = 0 to get the steady-state solutions, and then we can study the steady-state properties of the two driven coupled qubits.
